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i 
I When this project, on the effect of amino acids on the healiiag of experi- 

mental wounds, was first undertaken, the reports published on the subject of the 

healing of wounds were found to be exceptionally extensive. However, there were 

very few papers which approached the subject from the experimental point of view, 

most of them dealing with clinical material. Since many factors may affect the 

healing of wounds, only the results of work in vhich every factor is closely con- 

trolled, or at least equated by the U3e of rigorously matched groups of experi- 

mental animals, could be considered valid. A further difficulty inherent in this 

problem was the fact that the methods for measuring the rate of healing of wounds 

were not overly reliable and hence required that very large numbers of animals be 

used in order to obtain statistically valid results. 

Of the work published on the healing of wounds, three main facts stood 

out and could be considered reliable in that they had been verified by many workers 

in the field. First, a negative nitrogen balance becomes evident after trauma; 

second, feeding a high protein diet results in an increased rate of healing; third, 

increased amounts of the amino acid, methionine in the diet results in an increased 

rate of healing. It should be noted that contributions to the metabolic picture 

during the healing of wounds were quite scanty. Before a real understanding of 

the processes involved in the healing of v;ounds could be developed, further know- 

ledge of the metabolic reactions appearing after trauma would be required. 

With this background, the work in my laboratory was undertaken. The first 

problem was to test the technique for measuring the rate of healing. It was 

found that modifications of my previously published method (Science I 19U7* 105, 

396) would give results which were statistically valid when groups of at least 

eight animals were employed. Using this technique, which involved the determina- 

tion of tensile strength of wound tissue, the affect of a number of amino acids on 

the rate of healing was determined, under a number of different conditions. It 

was found that only methionine and cystine caused an increased rate of healing of 

the experimental wounds, while ethionine inhibited the rate of healing. The other 
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andno aoida tested had no effect* 

I I Prom these experiments it was concluded that the availability of the sulfur 

amino acids limited the healing process. Further experiments showed that a high 

j        protein diet increased the rate of healing, not because more protein or nitrogen 

was available, but because a high protein diet provided a greater supply of the 

sulfur amino acids. During the course of these experiments, it was noted that 

there was a retention of sulfur, even though a negative nitrogen balance existed. 

It was then conoluded that the tissue proteins were broken down in order to make 

more sulfur amino acid molecules available for the healing processes. The other, 

unneeded amino acids are excreted, resulting in the negative nitrogen balance. 
i 

The source of the conserved sulfur amino acids and the purpose for which 

they arc oc:i-eived vat> studied using radioaotive-sulfur labeled amino acids.    It 
i 

was found that methionine from the liver proteins wag one of the principal tissue 

I source of the sulfur amino acids for the wound proteins. To some extent, the 

muscle proteins contributed to this requirement for the sulfur amino acids. It 

was also noted that a large part of the liver methionine was transformed into cy- 

stine for deposition in the regenerating wound protein. These experiments also 

produced evidence to show that the rate of metabolism of methionine and cystine 

!        was increased after wounding. 

I Of particular importance were the results which indicated that the tensile 

i        strength of the wound was closely correlated with the deposition of cystine in the 
ft 

regenerating wound proteins. The collagluous fibers in regenerated wound tissue 

give it a relatively high tensile strength. This type of protein contains appre- 

ciable amounts of the sulfur amino acids. Thus from the empirical and the theo- 

retical view point, this correlation is sound. A new technique for determining 

the rate of healing of wounds is now being developed, based on the deposition of 

cystine in regenerating wound tissue* 

The effect of various hormones on the healing of wounds was also studied. 

It was observed that estradiol, testosterone and pituitary thyrotropic hormone 



inhibited the rate of healing. At high levels of administration, growth hormone 

also inhibited healing. However, at lower levels, there appeared to be an increased 

rate of healing. This aspect of the problem on the healing of wound is only pre- 

I 
liminary. It is planned to pursue this work further. 

Almost all of the important data supporting the above conclusions have been 

published or have been accepted for publication and will appear in print shortly. 

These publications are appended to this report. Included in the appendix are the 

following papersi- 

"Metabolism of protein nitrogen during the healing of experimental wounds": Fed. 

Proc., 10, 270 (1950) 

"Relation of protein nutrition to the healing of experimental wounds"> Proc. 

Soc. Exp. Biol. Med., 77, 302 (l°5l) 
• 

"Effoct of cystine and methionine on the healing of experimental wounds"*    Proc. 

Soc. Exp. Biol. Med., 80, 623  (1952) 

"Inhibition of urea formation by pentobarbital":    Arch. Biochem. Biophys., 32, 

226 (1951) 

"Distribution of methionine-S^5 during the healing of experimental wounds":    Fed. 

Proc, 12, 291 (1953) _____     —• 

"Utilisation of sulfur amino acids during the healing of experimental wounds"1 

Proc. Soc. Exp. Biol. Med., 83, 329 (1953) 

"Influence of experimental wounds on the metabolism of sulfur"! Fed. Proc, 

13, 322 (1951) 

"Influence of growth hormone on the healing of experimental wounds": Fed. Proc. _____ ______> 

13, 325 (19510 

"Incorporation of sulfur amino acids into the proteins of regenerating wound 
- 1 

tissue":    J. Biol. Chen.t    in press. 

"Exaction of sulfur during the healing of experimental wounds":    Proc. Soc. Exp. 

Biol. Med.:    in press. 

- 
\ 



The chief investigator of this project is very much indebted to his assis- 

tants, T. H« McCarthy, H» J» Froram, E» Bremanis and G. J. Neumann, v*io worked so 

arduously to help obtain the results which have been described. Without their 

devoted efforts this project could not have progressed as far as it has. 
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Relation of Protein Nutrition to the  Healing of  Experimental Wounds.* 
(18759) 

MAKTIN B. WIIUAMSON, THOMAS H. MCCABTHY, AND HERBERT J. FBOMM. 

From tk* Otfurimtm oj Biockcmisiry, Graduate School and StrHch School of iftdtcint, 
Loyola  University,  Chiraeo 

A numljer of reporti have indicated that 
the level of protein intake has a marked effect 
on the rate of healing of wounds(l-S). There 
is, however, little work relating protein me- 
tabolism or the effect of araino acids to the 
healing of woundsi 4-6,9.10). It has been 
shown that methionine will increase the rate 
of healing of experimental wounds(4), where- 

• This Work wa.» don* under contract with thr 
U. S. Navy, Office of Naval Research. 

1. Dietary, J > Williamson, M. B., and Bernhard, 
F. W., Satnce, 1447, vlOS, 396. 

2. Harvny, S. C, and Howes, E. L, Ann. Surg., 
1930, v*l, Ml. 

3. Vaica R L , Surf. Gym. Obiil., 1947, v84, 611 
4. Loealio, S. A, Morgan, M E . aad Uiaton, J. W, 

Surg. Gym. Obslit., 1948, vS6, S«. 
5 CoTut, Wri'/ht. A. M , Mutholland, I, Barcham, 

1, and Breed, E. S.. Ann. Surg., 1944. vlio. 815 
0. Thompaon, W.  V).,  Ravdin, 1.  S , and   Frank 

I   1... Artk. Surg., IQiS, v3f), 500 
7. Munro, H. N, and Chalmers. M. I., Brtt J. 

Exp  Path, 194<, v26, 306. 
8. Croft, P. B., and Peter*. R. A., .V«i«f«, 194S, 

vl55,  17S. 
9. Madden. S. C, and Clay, W. A. J. P.xp. Mtd, 

1045, v82, 65. 
10. Morria, H. B , Dubnick, C. S., and Dunn, T. B , 

./. Nat. Camtr /«.«., 194J, vS, 271. 

;t.< tryptopbane, vah'ne and lysine have no 
significant effect on the rate of healing (10). 
Since greater nitrogen retention nill# occur 
when extra methionine is fed(l 1.12), it seems 
probable that the methionine, rather than 
oth«r essential amino acids, is the limiting 
factor in the healing process. In fact, injured 
dogs will retain methionine sulfur and incor- 
porate it into protein, even when a negative 
nitrogen balance exists(13). Beyond the fact 
that a negative nitrogen balance appears 
shortly after wounding(14,l5), little seems to 
be known about protein metabolism during the 
healing of wounds. 

Further study may help elucidate the role 
of protein metabolism in the healing process. 
The present paper attempts to relate nitrogen 
and sulfur metabolism to the rate of healing 
of experimental wounds. 

It. Miller, L. I,„ J   Biol. Ckem , 1944, vl52, 0C3. 
12. Brush, M, Willman, W., and Swanion, P. P.. 

/. Nutr.. 1947, v.V. 3««J, Alliwn, J. B., Anderson, 
J. A., and S«rley. R. I) , J. .VWr., 1947, v.3.», 3ol. 

13. Madden. S. <:., Plasma Prottin*, 19S0, C. C 
Thomas, Spriagncld, p62. 

14   Werner, S. C, Ann. Surg., 1047. vl?«,  16Y. 
15.   Koop,  C    £.  Drew,  J    H.,   Riege),   C,  and 

Rhoad*. J    E., Ann   Surg, 1946, v!24, 1165. 



t'ROTFIX  NllRITION DtTUNG WOUND HKALING 

TABLE  T    lViniw-»iti "» ,,f  1'ic'^•' 

Ti tup]>ii 
ni»* nt-il 

Cl"u;. % % ui'.-thi'i- t?N   !""»; 
f> 3S*Mn gelatin 11 in*- .lie! 

\ ao 0 11 2.50 
II t> n 11 .< n 
111 n 11.3 (l S2.5i'» 

IV « U.:t .147 2.5? 

' MI.T'IJC couteii! of >Heti »a» ndjuated so ib»t 
>%i\ diet* yirovidod same number of calories/100 g 
diet. 

Experimental.    In these experiments, four 
groups of 24 female albino rats were used. 
The initial average weight of the animals in 
each group ranged frmn 170 to 186 g.    The 
animals in Group I were  fed the following 
brtsa! diet: sucrose, 63 g; casein. 20 g; lard, 
10 g, corn oil. 2 g; salt mixture.1 5 g; thia- 
mine HO, I mg; riboflavin, 1 mg; pyridoxine 
HO, 1 mg; calcium pantothenate, 4 mg: nico- 
tinic acid  amide.   IS   mg:   inositol,   5   mg: 
2-mr.thyl   naphthoquinone,   0.5   nix:   choline 
chloride, 25 mg: vitamin \,'<  1500 IU: vita- 
min D.i 210 IU.   The other groups of animals 
were fed diets, modified from  the basal, as 
indicated in Table I.    An ihe diets were to- 
caloric and contained the same amount of vita- 
min supplement as in the basal diet.    Each 
animal was presented with 15 g of diet per 
day.   The residual uneaten food was weighed 
to determine the daily food consumption.    All 
an.'mals were given distilled water  >ul libitum. 
The  animals  were  first  accustomed   to  the 
synthetic diets for 4 day>     Then they were 
wounded under nemhutal and ether anesthesia. 
After clipping the hair over the area of the 
shoulder   blades,  a   skin   incision,   2   cm   in 
length, was made with a sharp scalpel in the 
mid-dorsal region.    The edge* of the wound 
were opposed and held in place with Michel 
wound-clips   (11   mm),  which   were  left  in 
place  during  the  experiment.     At  approxi- 
mately weekly intervals,  8  rats from each 
group were killed and the tensile strength of 
a 0.5 cm section of the healing wound was 
determined.    The method of measuring the 

T Hubbel,  R.  B.  Mendel,  L   B .  and  Wakeman. 
/   J . /. Sutr., 1937, vU. Jit. 

' From Olrum prrtomorphum 

tensile   strength   of   such   wounds   has   beer 
previously described(1). 

The rats were weighed and 24-hour urine 
samples were collected regularly during the 
course nt the experiment. The urine samples 
were stored under toluene at 5r'<' until the 
analyses were made. The urine was analyzed 
for ioial nitrogen (mkrokjeldahl), urea nitro- 
gen (10). aniinn acid nitrogen(17). and total 

•sulfur(18). 
Results end discussion. Previous papers 

liave indicated that a negative nitrogen bal- 
ance appears directly after animals have been 
subjected to trauma(9,13-15). A sharp de- 
crease in the amount of nitrogen retained, 
shortly after the animals were wounded, was 
observed in these experiments, although not 
all the animals went into negative nitrogen 
balance. The sulfur balance remained posi- 
tive and essentially constant throughout the 
experiment, regardless of the changes in the 
nitrogen balance. By the tenth day after 
wounding, the daily nitrogen retention had 

' returned to approximately the level observed 
before the wound was made. This is illus- 
trated in Table II. 

A marked decrease in urinary urea output 
(from 109 mg per day to 81 mg par day) 
with a concomitast increase in the amino acid 
nitrogen output (from 6.1 mg per day to 26.t> 
mg per day) was observed shortly after the 

TAI1LE   II.    Sitrotfrn «uil   Sulfur   JR< UH^MID 
Rpfore .iiul After Wounding 

a. e 
£ 

r^ - 
r.js-2 
60 r 3 

'<•% i 
S. mg   8. trig 

§ 2 % 
~ ~ c 
-   c S 

N,mg   S, m^! 

44        11.2 
-u       i.r, 

14 3.8 
15 11.1 

N.mg   S, mg 

r 
jf 
in 
IV 

»L>        11..'! 
!»           2.8 

84           6 

85        10.1 
s           1.6 

39          t.fi 
42         13.4 

* (..'omriotvJ froui analyse* otitaiued from 34 urn 
mjtis j>er growji. 

t CVinrmted from analyses obtained from 18 ani 
ri.il* per group. 

16 Van Slyk.. D. D, and Cullen, G. E., ,' Bin! 
Cktm.,  1916, v24,  117. 

17 Northiup. J   H., J. Cm. Physi.'i, 1926, vO, 767. 
18.   Fi>U    C.   J     J.   Bint.   Cktm.,   1921,   v47,   So 



PROTEIN NLTPIUO.N DURING Wot NO HEALING 
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iiiili-x ni  tim rxti- of healing. 

wounds were nmde.S The urea nitrogen and 
amino acid nitrogen returned to approxi- 
mately tht.- normal, prewnunding levels within 
5 c!a>5 This eifect vx* found to be due to 
the ane^thcti. used and not to the wound. 

In Fig. 1 is ihown the rate of Stealing of the 
experimental wounds in terno of tensile 
strength and time. This can be expressed as, 
T -:. K t. where / i.- the tensile strength in 
grains pel • S cm section of healing epithelium, 
t. the tiiTH in days after wounding, and K, 
the resulting slope. The slope, K, can tie 
considered to be a measure of the rate of 
healing of tht wounds. It will be seen that the' 
rate of healintr ot the wounds in the animals 
fed the 6 percent casein diet (Group II: 
K - 10.i} is markedly less than that of the 
mrrnal- on the 20% ca.->ein diet (Group I; 
K. — I6.fi;. This is in agreement with pre- 
vious work whit h has indicated that wounds 
in animals on a high protein diet heal more 
rapidly thin those in animals on a low prnteir\ 
diet(l-4,. From this, it would be expected 
that the rate of healing of the wountLs in 
animals in Group 1(1 should lie the same as 
those in Group I. since the protein nitrogen 
intake in both groups was the same. Instead, 
the slo|K' (K - 12.6) indicates that the rate 
of healing is very much less than that found 
in Group I. This difference in healing rate 
is obviously due to the very low biological 
value of the gelatin, supplemented to the diet 
of the animals in Group HI to make it con- 

S Dal••-.   -rtwcM't''.    ivcraxe   urinary   output   of   all 
amnuls  in  u.••--.• iipcrirocnts 

tain tht- same amount of protein nitrogen as 
is found in the diet ot Group I. 

Although the proteins ingested, and the 
protein nitrogen intake, is essentially the same 
in the animals comprising Groups III and 
IV. the rate of healing of Group IV (K -- 
18.S) is very much areater than that for the 
animals in Group III. This difference must 
l>e attributed to the methlonine added to the 
diet of the rats in Group IV. It ean then 
l>e concluded that the methionine increases the 
efficiency of utilization of dietary protein or 
tissue protein, or both. Since the methionine 
fed is probably available to the tissues for 
protein synthesis as cysteine and cystine, a* 
well as methion4n*( 19,20), all the sources 
of dietary sulfur might be considered together 
as "profoin sulfur.*' 

There appears to he no correlation between 
the protein nitrogen intake, or retention, and 
the tensile strength oi rate of healing, when 
all 4 groups rif animals are considered. The 
data in Table Hi, however, indicate a cor- 
relation between ihe amount of "protein 
suliur' retained during the course of the 
experiment and the rate of healing of the 
wounds. It seems evident from these fesuhs 
that previous reporte(l-g) on the effect of the 
level of protein in the diet on the rate of 
healing were indicative of the effect of the 
level of "protein sulfur intake ("and in- 
directly, the sulfur retention), rather than the 
effect of the protein itself. This is apparent 
from the fact that previous reports dealt with 
the effect of diets containing levels of the same 
protein: in which case, the sulfur content of 
the diets varied directly with the amount of 
protein in the diet. 

The data in Tablets IF and III tend to indi- 
cate a larger proportion of sulfur to nitrogeir 
is reqtrircu during healing than for normal 
tissue synthesis. -This is supported by the 
following: (a) after wounding, a pcritive sul». 
fur balance is observed even when there is 
a negative nitrogen balance. This may mean 
that there is a sacrirkt? of tissue protein nitro- 
gen so  that the ratio of sulfjr to nitrogen 

14. Binklty, F, /. Binl. Chtm, 1*44. vlJX. .".0 
.0   DuVigneaud, V.  J .  Kilmer,  G   W..  Rnohele, 

J.   X, and  C'ohn,  M..  J. BM. Ckem,  1944, vlSS, 
MS. 

^ 



TROTKIN NUTRITION DURING WOUND HEALING 

am 

I 
TABLE III.  Compariunn of Avg Dnily lutiike and. Retention of IMetary Nitrogen and Sulfur 

sud Riit« of Healing.* 

Group 
* 

h\g dfcilv 
iita!:e, lag 

 Ni'rngen- 

I 2<W 
11 7a 
lit 269 
IV 251 

Avg daily 
b:ti*nce, am 

78 
10 
47 

Avg daily 
intake, nig 

Uhir ~s 
Avg daily 

bu.]anc«, ntg 

Kate of 
lieuliiig 
indent 

18.2 
3.0 

2:i.l 

11.8 
Z.« 
6.4 

14 

1«.6 
10.S 
11'.•> 

* These vnlnee indicate daily avg for 21 days after wounding, 
t 8«e Fig. 1. 

available is increased; (b) increasing the 
ratio of sulfur to nitrogen by dietary means 
(by the use of methtonine) increases the rate 
of healing; (c) healing wound tissue con- 
tains larger amounts of sulfur than the same 
tissue when it has not been wounded(21,22). 

Thus it seems probable that the rate of 
healing may be related to. among other fac- 
tors, the amount cf "protein sulfur" retained 
in excess over that utilized to form normal 
tissue protein with the retained nitrogen. 
Since the ratio of nitrogen to sulfur in most 
tissues is about 16:1, then the healing should 
be influenced by the amount of retained 
•'protein sulfur," less 1/16 the quantity of 
retained nitrogen. This might be called the 
"excess   sulfur''  which  is  available   for   the 

21, Layton. I.. L-, ***<*... So . Ex» B101.. AKU MED, 
19.50. v73, 570. 

22. Svlven, B . Actn Ckir. Scand., 1041. vbc. I. 

greater demands of the healing wound tiss.«. 
The "excess sulfur" is 156, 44, 75 and 214 mg 
for the animals in Groups I to IV, respec- 
tively. Thus, there appears to be some cor- 
relation between the rate of healing and the 
"excess sulfur" available for the wound. 

Summary. Wounded rats were kept on 
diets containing varying amounts of different 
proteins and 'protein sulfur". There appears 
to be no relation between ihe amount of pro- 
tein nitrogen fed or retained by the rats and 
(he rate of healing. However, the "protein 
sulfur" retention appears to be correlated 
with the rate of he.-iling. It is suggested that 
the amount of retained sulfur in excess over 
that utilized for normal tissue protein syn- 
thesis is an important factor in determining 
the rate of healing of experimental wounds. 

Rrceived  April  24,   1951. P.S.E B.M ,  1951, v77. 



Reprinted from 

FEDERATION PROCEEDINGS 
Vol. 10, p. 270 (195*1) 

I 
METABOLISM OF PROTEIN NITROGEN DURING 

THE HEALING OF EXPERIMENTAL WOUNDS 

M. B. Williamson, T. McCarthy and H, Fremm 

It has been shown that wounds heal more rapidly when 

a high protein diet is supplied than when a low protein diet 

is given. When isocaloric diets containing 0.1±9%  and l,9l\.% 

protein nitrogen (as casein) were fed to groups of 2\\.  rats, 

the rate of healing of experimental wounds, as measured by 

increase in tensile strength (Science, 105? 396, 19l|7)» is 

greater in the animals fed the 1.9W protein N diet than in 

those on the 0,l\.9%  protein N diet.  However, the increase in 

tnesile strength per total nitrogen available for healing was 

much greater on the low protein diet, even when there was a 

negative nitrogen balance, than on tv>e high protein diet.  This 

seems to indicate that more of the plasma and tissue protein 

nitrogen ^s being utilized for protein synthesis in the wound 

area on the low N diet than on the high N diet.  Supplementing 

the low protein diet with gelatine so that the nitrogen content 

of the diet was the same as that of the high protein diet had 

little effect on the rate of healing of the wounds, but 

markedly increased the excretion of nitrogen.  Supplementing 

tbo low protoln N diet with gelatin and methlonine so that it 

contained as much nitrogen and methlonine as the high protein 

diet increased the rate Of healing, and decreased the nitrogen 

\ 
/ 
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excretion to approximately the level found in the rats fed the 

high protein N diet.  The rats on the low protein N diet re- 

tained a  higher percentage of the dietary sulfur than did the 

animals on any of the other diets. 

"\ 
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Distribution of Mehtionine-S^ Durins 
i • 

the Healing of Experimental Wounds 

M. B, Williamson and H. J. Fromm 

while that in the liver decreased with time.  Although the 

35 total S ^ in the muscle decreased with time on a zero prote 

diet, it remained constant when methionine was fed.  In the 

The rate of healing of experimental wound has been show-, 

to increase upon the addition of either cystine or methionine to 

the diet.  The effect of these sulfur amlno acids on the re- 

generation of wound tissue was studied by investigating the 

35 distribution of methionine-S  between the methionine and 

cystine sulfur of wound tissue, normal skin, liver and muscle. 

Rats fed either a zero protein diet, or a zero protein diet 

supplemented with methionine (35 Cal/dny), were injected with 

35 methionine-S ' in tracer amounts within I4.8 hours after a 
j 

standard wound was made.  At 3 day intervals, part of each 

group of rats was sacrficed and tissue samples obtained.  The 

total sulfur, nitrogen, cystine and methionine, as well as the 

35 distribution of SJ , were determined.  Within 5 days, the 
i 

regenerating wound tissue was found to contain twice as much 1 

35 SJ-^ as the normal unwounded skin tissue.  The amount of total 

S-,-? in the regenerating tissue continued to increase with time. 

There appeared to be a direct correlation between the rate of 

3 5 increase of SJ> In the wound and the rate of healing.  The 

35 total S  remained constant in the unwounded skin tissue, 

\ / 
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IS wound tissue, most of the S  activity was foiaind associated with 

with the cystine.  The ratio of cystine to methionine sulfur was 

higher in the wound tissue than in the normal unwounded tissue, 

incidating that a different type of protein was being produced 

during regeneration. 



ii 

Oopyngbt, 1953, by the Swiety tor Experimental Biology uni SCedieine 
Reprinted iSosn P«OC*U>JNC» or THK MoctTrv Am ESPWIM*HTAL BIOLOOY ANI> MIDICIOT, 

ly.V'., v83, 329-333 

" 

'. 

Utilization   of   Sulfur     imino   Acids   During   Healing   of   Experimental 
Wound«.»     (20350) 

MABTIN B. WILLIAMSON ANT> HEHBEKT J. FROMM. 

Frc-m  the   Deportmmt   of Biockitni'try,  School  of   Median*  and Graduate  School, 
f.i'vola Vnivtrsi'v, Chirago. 

' 

The regeneration of tissue .'luring the heal- 
ing of wounds lias been shown to be markedly 
accelerated by thp ad<lition of methionini? to 
the diet(1-7 >. More recently, the rate of 
healing of experimental wounds was shown to 
1* increased to the same extent when equiva- 

* This  work  »a& done  under contract   wHh  the 
t.    S.  Navy, Office of Naval  Research. 

lent amounts of either cystine or methiooine 
w*Te administered(I). Since the conversion 
of methionine to cystine is irreversible in viva 
(9.10). thi> work may be taken to indicate 
that cystine- is the limiting amino acid in the 
healing process. The possibility still existed 
that the sulfur amino acids may not be re- 
quired per sr. but rather mighi serve as a 
source of sulfur for other compounds required 
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during  healing. as well  as their morr  usual 
function in protein synthesis. 

It has been shown also that there is a small 
but definite retention of sulfur during heal- 
ing, even when a negative nitrogen balance is 
in evidence( 1,2,8). Further, the retention of 
sulfur becomes more significant as the rate of 
healing increases Thus, there appears to be 
a correlation lietween the sulfur retention and 
the healing index. The healing index is a 
measurable numerical evaluation of a function 
which is directly proportional to the rate of 
healing(1.2). The metabolic fate of sulfur 
and sulfur containing amino acids during the 
healing of experiment?! wounds should wive 
an insight into the disposition of the retained 
sulfur The utilization of the cystine by the 
regenerating wound tissue and its relation to 
the function measured by the heating index 
arc considered in this report. 

Experimental. The experiments to be de- 
scribed were carried out on two groups of 
female albino rats (18 animals per group), 
•weighing 170 ±. 20 g. The animals were main- 
tained on a oasal Ofe protein diet for 5 days 
prior to wounding. After wounding, one 
group of raL«. was continued on the 0% pro- 
tein diet supplemented with 60 mg of DL- 
alanine per 100 g of diet, while the second 
group received the 0% protein diet supple- 
mented with 100 mg of DL-methioninc per 
1C»J g of diet. I he basal Hit consisted of S3 
g iucrose. 10 g lard. 2 g corn oil, 5 g salt inix- 
tvre(15), I mg thiamine HC1. 1 mg riljoilavin, 
' mg pyridoxine HP1. 4 mg calcium panto- 
thenate. 10 mg nicotinic acid amide, 0.5 mg 
2- nethyl-naphthoquinone. 1550 IV vit. A.f 

sn.; 210 1L" vit. D.1 The animals were pro- 
vided with 7 g of diet [>er day. which was 
completely consumed before the next daily 
feeding period. Distilled water was permit- 
ted ad libitum. After removing the hair, the 
wounds were made on the back of the neck 
of the rats by tracing the outline of a coin (3 
cm diameter), and cutting on the marked 
tracing. The circle of skin was cut down to 
the layer of the fascia and removed with any- 
adhering connective tissue, according to the 
method described by Paul et al.(16). Two 
days after wounding each  rat was injected 

' From   vlrum   prrcomr^plium. 

Subi'utaneously with O.S" mg o: >''-labeled 
L-methionine. representing ,-v- \ h)'; counts 
per minute. One-third of the animals ii; c:uh 
group were sacrificed on the 51h. Sth and i.'lli 
day after wounding. Samples of regenerating 
wound tissue, normal unwounded skin, liver 
anc! muscle were Liken from each iat and 
hydroly/eH in r'i \* M( 'I Or»»at rarp w;is tr»k*»n 

to insure that no normal tissue was included 
in the sample with the regenerating wound 
tissue. Xormai unwounded skin tissue was 
obtained from the area near the site of the 
wound This tissue was completely tried of 
hair 1-efore analysis The above tissue sam- 
pler were analyzed for total sulfurf 11). total 
nitrogen (microkjeldahl). and cysteine — 
cystine (designated as cys!inc)(\2 13). The 
relatively small amounts of sample available 
made it necessary to calculate 'he methionine 
present in ;li tirsues by difference. Although 
the methionine-sulfur fractions probably in- 
cluded sulf.T from compounds other than 
methionine by far the largest part o tiles'* 
tractions of the sulfur comes from tie nu- 
thionine. Besides determining the total Sir' 
in tne tissue samples aliquots were partitioned 
into cysteine — cystine and non-cysteine -j- 
cystine fraction by the method of Zittle and 
OT>ell(14'i. and the S3"' determined in the 
fractions. The latter fraction was designated 
a- the methionine-Sa* fraction. 

Results and discussion. In Table I is shown 
the S,:' content of the various tissues which 
were analyzed in terms of counts per minute 
per gram of ti>sue. It should be noted that 
there is a very marked increase in the S** 
content of the regenerating wound tissue with 
time.    This increase reflects the accretion of 

TAHI.K  ;     KfTi-.t <>f LHetary M-thionine on Dis- 
tribution • f M'thinivinp-8* in  rt'oiindi'd Rat*. 

 Counts, min./g of tissue—•  
Ha\!i..'t'C        W'nund 
wiiiiii'linc ti*-iur Skin Livvr MuscK' 

0' v protein diet 
j              li'H'.s         _\">L- ;»M; IOAO 
M                 rJ:''J          lva; .1154 1324 

12                   •:•" i            loiiU 4.: •.' tiL'4 
i', \   'inn .In t 4- uietiiiiiiiitii 

"> '-':•-' i7'.5 747;'. 125:1 

•i MIT 22*-..- •-..'.Ill ii:,-. 
IS Ufltio 1IW7        ;::44> s'i'i 
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TABLE IT.  SnlfV? *rA NHT^seu Contesf/g at Wscs*f<l S:it Tissue. 

I'»T» «ft«>r Wrmnd tinWn: Skin LiT«r MttSr Ir 
•courting s y ,8              N 

0% prutoiii diet 

c y S N 

5 1.9 •  2<VJ 2.0 i'J.t 3.0 34.0 •2.8 34.4 
8 2.S ' 22.0 1.7 •41.8 2.5 31.8 2.7. 33.5 

15 2.» 27.8 1.6 44.4 2.3 C    28.7 2.3 OO.lt 

9% protefn diet -f- mathioniwe 
5 2.0 .    22.4 2.1 .   J9.2 S.9 30.5 2.7 MJt 
a 2.8 26.3 1.0 42.1 2.3 27.1 2.5 :«.i 

12 3.6 2S.8 1.6 40.2 2.3 36.7 .   . .        —.  
2.4 sn.e 

TABLE Til.   Dutribntioii of 3" from M«U&»inc 
between Cystine and Metliiornnc Fractions #t Til- 

«ue in Woanilpii R*t». 

Counts,/•!*!.//; tiaeue 
,—WoanJ ti^ue—,   ,—8ki« liMU > 

Dnys.tftet Motliio- Met bio 
ly.-ujuimij   Oretinc*      «t»c    -   Crutiue*      jiine 

0% protein diet 
% 3*3rt 2417 1445 010 
*• 4580 3205 3870 730 

12 f240 4H26 1171 458 

t>*7 protein diet -f mett >Piiin«* 
."i 30(17 2037 1427 1877 
H 1177 3600 V)*S 1225 

12 ti»30 4072 . 040 1003 

• The "rTirtine"' frurtion itielndea both eysteinc 
and ••ystiBe. 

new cells and protein in the wound area. Due 
to metabolic turnover, the S36 content of the 
other tissues decreased with tftne. Although 
some small pert of the methionine-S35 may 
have beer, directly utilized, there can be little 
doubt that the bulk of the wound tissue S* 
arose from the degr;jdation products of other 

• tissue protejn*. 
^Thc total sulfur and nitrogen content of 
these tissues 1* tabulated in Table II. The 
general trend of true total suitor levels in the 
tissues parallels t!"-at observed for the S*3. 
However, the changes observed are not as 
marked as In the case of the radio-sulfur. 
Tnis mt»y account for the previous difficulty in 
obtaining significant differences in the sulfur 
content of wound tissues which had been heal- 
ing for different lengths of time. Particular 
note should be made of the fact that the sulfur 
content of the regenerating wound tissues is 
very- much higher than that found in the other 
tissues analyzed, based on the nitrogen con- 
tent of the tissues. 

The only significant change in the nitrogen 
contest of the various tissue." occurred in the 
case of the wound tissue, although the srrfall 
decrease? observed in the liver may be re- 
flecting the negative nitrogen balance which 
existed in (these animals. The relatively low 
nitrogen concentrations appearing in the heal- 
ing wound tissue samples are consonant with 
previous work which had shown that this type 
of tissue has a very high water content (16). 
From the data in Table II, the water content 
of the wound tissue appears to diminish grad- 
ually with the progression of the healing proc- 
ess. 

In TaWe III, the results of the partition of 
the S*5 into cystmt and meihiooine-Ssa frac- 
tions is shown. It is of special importance to 
note that so large a proportion of the injected 
methionine-S'* is converted to cysteine- or 
cystioe-S80. In agreement with the data 
shown in Table I, the sum of the two S*8 

fractions increases with time. However, the 
concentration of the cySthte-S** is much 
greater than is that of the methionine-S9*. 
These results would appear to support the 
previous report(f) showing that although 
methionine is required during the healing 
process, there appears to be greater utiliza- 
tion of cystine. 

Table IV shows the results of the analysis 
of the tissues for cystine and methionine. The 
regenerating wound tissues accumulate cys- 
tine quite rapidly while the concentration of 
metbionine increases at a more leisurely rate. 
In the liver snd muscle, there was a rnsrksd 
decrease in the methienrae concentration while 
the cystine remained essentially unchanged 
throughout the experiraefit. This might be 
taken to indicate that the liver and muscle 
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TABLE TV.  Cyaeine* and Methionine Omteat/g Tiamie »j Wounded Rat* 

JDaja fetter 
wounatag 

W»and tiaeue 
Or» M«n 

fakin 
Cy» Meth 

lav* 
Cyi 

« 
8 

IS 

3 
8 

12 

3.6 
3.3 
7.3 

4.0 
«.7 
9.5 

0% protein die* 
*.0                3.0 5.2 4.2 
4.2                2.9 5.3 5.0 
5.4                8.0 5.4 4.7 

0<& nroteju diet + Metaionine 
4.1                  3.0 4.9 4.5 
4.7                8.7 4.» 4.i> 
».l>                2.8 4.5 5.J 

M.-th 

7.9 
5.9 
i.4 

8.2 
r..n 
4.7 

Muscle 
Cv Metli 

4.1 
4.3 
3.!t 

4.1 
4.1 
4.1* 

7.5 
7.4 
tU 

8.3 
6.5 
«L3 

* Tne "sy-rtino" fraction include* botn eystcine and e;'»tia«. 

metbronine sulfur are the principal sources for 
the wound tissue sulfur. It would also follow 
that a large portion of the metabolized liver 
and muscle, methionine is converted to cysteine 
or cystine, which may be utilized by the re- 
generating wound tissvte. This is supported 
07 the fact tiiat, in. the anvmals fed (be (Kc 
protein diet, the ratio of cystine to methioaine 
mutsttd was found to be approximately 5:1. 
•- Previous!!}' •eported analyses, as well as 
those shown here, Indicate that there is usually 
appreciably more methionine found in most 
tfenies, than there it cystine. This, however. 
it not the case in the regenerating wound 
tissue. In the wound tissue, the concentra- 
tion «j£ >,/>;inp bevoaca increasingly greater 
than the level of metbloRifce dwing the course 
of heating. This fact might be interpreted to 
mean that there are two types of proteins 
being synthesized w the wound area. The 
first type mf.rfai be ojnakWred to be synthe- 
sized relatively slowly and to contain a higher 
proportion of methionine than cystine. The 
characteristics of this type of protein are prob- 
«Jwy similar to skin proteins in general. The 
second type, although net synthesized until at 
least some of the first type of protein has aJ 
ready been laid down in the wound area, is 
synthesized men rapidly and contains a 
higher .proportion of cystine than methionine. 
Fractionation studies of the proteins in re- 
generating wound tissue at various stages of 
development, and in normal skin tissue, are 
now .under way to test this hypothesis. 

The rates of healing of wounds in rats fed 
B 0% protein diet and a 0% protein diet sup- 
plemented with methionine were determined 
as previously described(1,2).   The results are 

-:..   *'•••. J.   • 

shown in Fig. i to be essentially straight lines 
of different siopes itiealing indices). When 
the cystine per gram of wound tissue is plot- 
ted against time, straight lines also result 
(Fig. 1). These lines may l>e represented 
by the following equations: 

C — k|t -r a 
T = kit J- b 

where C "n the cystine concentration in the 
wound tissues, T, the tensile strength, t, the 
time in days after w unding, and the other 
symbols represent constants. It would then 
follow that: C = k»T -f c. If this equation 
is valid, a straight line should result from a 
plot of tensile strength against the cystine con- 
tent of the wound tissue. That this is 
actually the case is shown in Fig. 2. It may 
then be concluded that the rate of deposition 
of cystine in the wound tissue is proportional 
to the rate of increase in tensile strength of 
the.wound (healing index). Since the rate 
of healing is proportional to the healing index, 
it can now be measured by two separate func- 
tions, the tensile strength of the wound, and 
the cystine content of the wound area. 

It might be assumed that the measurement 
of the tensile strength of wound tissue, re- 
quires, among other factors, the rupture of 
bonds between relatively large molecules 
.Which are not in solution, but are arranged in 
some sort of colloid meshwork. It would then 
seem probable that the cystine in the wound 
tissue is preponderantly, if not completely, 
associated with protein molecules. 

Summary. Wounded rats, injected with 
L-methionine-S**', accumulate the radio-sulfur 
in the wound tissue, even when the S* content 
of the other tissues is decreasing.   The largest 

.# * . 
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FIG. 1. TV wile strength and eysioitu; -I- cystine coneou? ration of healing wounds in rats on a, 
con protein diet plotted agaitxrt time. Solid circle*.dift supplemented with alaniuc; open rirclee, 
diet suppleo.ented with methionine. Solid linee, tensile strength data; hr 'Icon linos, eyeteine + 
cfatine dat». HigmtiCHuee between tie raeau value* of teusiio »tro3£tn is "p" <002. Signi- 

fiinnce between the mean values of tin- o'.teinc + cystine ia "p" <0.05. 

r.aTfici . cnrmi . FK« •>*** VO«M rii«..f 

FIU. 2. Tensile strength of healing wouuii in r»ta 
on a nnn-prntcin diet plotted again*! the eysteine 
-f- eyetine concentration of the regenerating wound 
tissue, stolid circles, diet supplemented with al.i 
nine; open circles, diet supplemented with oietti- 

ionine. 

part of the S** in the wound tissue appears as 
cystine-S3^ The rate of deposition of cystine 
in the regenerating wound tissue is greater 
than that of mcthionine. The rate of healing 
(as measured by the healing index) is a func- 
tion of the cystine content of the wound tissue. 
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Effect of Cystine «»J  Vlcthionine on Healing of  Experimental Wounds.* 
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In previous reports! 1.2). the mure rapid 
rate (if healing of experimental wounds in 
animal- fed a high protein diet as compared 
to those on a lower protein diet was shown to 
be due to the greater intake and retention of 
protein sulfur. It WJ- also shown that ineth- 
ionine could serve as the -otirce of protein 
sulfur. This explained earlier work which had 
indicated that methknine increased the rate 
of healingt'3-5). Other essential atnino acids 
i'6,7) were found to have no effect on the 
hrulinn index, a numerical measure of a func- 
tion which is proportional to the rate of 
healing. 

Methioninc may have 2 possible roles, in- 
volving its sulfur atom, which might affect the 
healing indrx. First, it might be required di- 
rectly in the beating processes for such re 
action- as protein synthe.sis. -Secondly, meth- 
ionine might serve as a precursor for some 
other suliur-oont dnin;? compound required 
during healing. Although these alternatives 
need not necessarily be mutually exclusive, it 
is not unreasonable to presume that one func- 
tion will be more important than the other. 

In the present paper, it is shown that the 
healing tndcx can lie affected by cystine to the 
same extent as by an equivalent amount of 
methioninc. on the basis of sulfur. 

Experimental. The experiments to be de- 
scribed were carried out in a similar manner 
to those previously reported(1.2 ). Tn each 
experiment, 3 groups of 24 female albino rats 
(200 •*-. 20 g) were maintained on a basal diet 
for 5 days prior to wounding.   The ba.sal diet 

•Tliis  work  was  done   under  contract   with  the 
U S Navy, Office of \uval Research. 

consisted of 6 g casein, 10 g lard, 2 g corn 
oil, 3 g salt mixtuie(S), 77 g sucrose. 1500 
I.V. vit. A.' 210 I.l". vit. D.t 1 mg thiamine 
I1CI, 1 mg rilKtflavin, 1 mg pyridoxine HC1, 
15 niu nicotinic acid amide, 4 mg calc;um 
pantothenate. 0.5 mg 2-methyl naphtho- 
qtiinone, S mg inositol. and 25 mg choline 
chloride. This diet would permit only a small 
amount of protein accretion in normal un- 
wounded animals (as measured by nitrogen 
excretion and increase tn body weight). On 
the day of wounding, the animals were trans- 
ferred to the experimental diets. All the ani- 
mals were given the ?,ame weighed amount of 
diet daily, in quantities which would be com- 
pletely consumed. Distilled water was per- 
mitted ad libitum. 

Standard experimental wounds were, made 
on the back of the neck of the rats as pre- 
viously described (1). At approximately 
weekly intervals. 1/3 of the animals in each 
group were sacrificed and the tensile strength 
of a number of 0.5 cm sections of the healing 
wound were measured(1,9). The relationship 
of tensile strength to time results in a curve 
which may be considered io be essentially a 
straight line. This line can be represented by 
the equation T — kt + C, where T is the 
tensile strength in grams, and t. the time in 
days. C is a constant. The slope of this line 
(K) is the healing index, and may be com- 
puted from the equation: 

y„r----r' 
tu — i, 

where 7"i is the tensile strength at time tt, 
and Tj is the tensile strength at time t:.   K 

t From oleuii*. pt'rcomori>hum 
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TABLK I.  Effwct of Experimental Wounds on the Sulfur nnii Nitrogun Balance*. 
E*T>- I- 

r-M irogeu ---, -— Sulfur , 

r. - 

•    a .    r. 

... 

3 
.5 *•* 

ii 

.5 "E. 

AljDilW 

s ^t 

48 

3 a 
-Si u .- 
•*• ^' 

H4.H 

a 

bcrs "5 

;f.4        i.5a 

as s 
2 •§ 
S5-S 

L 1.117 Jfl 

II n Mfthioninu 910 2<M 64.S •_'2.i 17.7          4.15 2.KS 5rt 
III r. (>»tiue 3H> 24H H4.S 2-7 17.V           4.22 2.(54 51 

has the dimension oi a rate term which de- 
scribes a function of the rate of healing. 
• Urine samples were collected daily before 
and after the time of woundina. The urine 
was stored under toluene at 5"C until anaiyw5 

were run. The urine was analyzed for total 
nitrogen (microkjeldahl) and sulfurtlO.il). 

Results and disiussion The nitrogen arm 
sulfur sources of the diet led the wounded ani- 
mals used in Exp. 1 are described in Table I. 
The hr.alin" indices for these animals were 
calculated from the tensile strength data 
plotted in Fig. 1. It can be seen ibav.the rates 
of healing in the animals receiving the meth- 
ionine and cystine supplements (AT -- 50 and 
51) are significantly greater than that oi the 
control group (K — 401. It should be noted 
particularly that equivalent amounts of cys- 
tine and methionine (on the basis of sulfur) 
have the same effect on the healinit ind-cje. A 
repetition of this experiment gave identical 
results. 

A correlation between the sulfur retention 
and the healing index was observed here, as in 
previously reported work (1,2). It would be 
expected that the retention of SUHUT should 
be proportional to the retention of nitrogen, in 
a ratio similar to that found in thr .uiimal. 
In the rat. the nitrogen:.sulfur ratio is approxi- 
mately 15:1. After wounding, there appeal:- 
to be a greater retention of sulfur than might 
be expected from the amount of nitrogen 
which is retained. This "excess sulfur-' also 
appears to be correlated with the healing 
index. The data supporting this correlation 
are shown in Table 1. 

Whether the results noted above were due 
to the direct action of the cystine supplement, 
or to the effect of the cystine in sparing the 
methionine available from the casein in the 

dirt, remained to be determined. Therefore, 
aii experiment similar to the previous one was 
carrier] out except that the casein was omitted 
from the diet fee! the wounded animals. The 
control croup of animals received a diet con- 
taining no sulfur amino acids and 44 mg of 
amino acil nitrogen per 100 g diet, in the 
form of alanir.e. The cystine and methionine 
supplemented diets contained 100 mj? of amino 
acid sulfur and 44 me of nitrogen per 100 g 
of diet The curves of tensile Strength against 
time obtained in this experiment are plotted 
in Kig. 2. 

H'te again, the effect of cy^tiae.and'meth- 
ionine on the hcul'mg index can he seen to be 
essentially the same (K — $6 and -$4) and 
significantly greater than  that found in the 

u 

I'll}. 1. Truaile strength of healing wound* ia rati 
on n «<?<> Rfiacia diet plotted ua>in«t tiaM. -Curve A 
(Group 1), ilnnioe lUppieMteJR, h>aUmg «*o>x (Ki 
_ 4il; Curve B (Group IV), ru»t!ilonlrje *uppl.> 
infii!, l/i;_ So; C^urye C (Group III), ovetiDe 
nippo lOfnt, / H) TZ 51 The. tlgnnteancc between 
inc-in values of tunsile strength for Grvupi t and 

II it "\<" -.- <.01. 
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i*IO. 2. Touniir strmigtli of healing womuU in TRts 
i.n a u«m protein rtn t plotted RK.iinrt time. Curve 
A. (Group I), aljniiio cupplfiuent, hraling index 
( K) :-i -i: Curve U (Droup JTi motlii'iuim- gup- 
I>Ui)i"ut. /i — Si; Curve t. (Or-mii ill), 0J3t<ni- 
•appUin-nt. /f =r- 3(5. Rignitn.'cnoe between mean 
values of tt-usila «tre|»fth for CJmuj's ! cud II i* 

•'!>" .   <.P1 

controls (Jt s= 24). Since the conversion of 
methionine to cystine is irreversible in vivo 
(12,13), it musi be concluded that the uieth- 
ionine in the diet is first converted to cystine 
be^fere, it- become* available for the healing 
prccexes. It then appears that cystine is the 
limiting factor affecting the healing index, and 
that methionine serves primarily as a source of 
cystine sulfur. Of course, cystine, as such, 
may not be required by the healing wound. 
It may be that cystine is itself merely a pre- 
cursor of the sulfur containing substance util- 
ized during healing. The correlations be- 
tween the healing indices, the sulfur balances 
and the "excess* sulfur" v?'ue» for this ex- 
periment are shown in Table II. 

Further work has indicated that methionine. 
per se, is required to some extent during 
wound healing, over and above that which 
may be converted to-cystine.   When rats were 

fed a 5% casein diet, supplemented with 100 
mg of ethionine sulfur and 100 mg of either 
cystine or methionine sulfur per 100 g diet, a 
lower healing index was observed than in the 
control animals, who received no sulfur amino 
acid supplement. A comparison of the tensile 
strength data for this experiment is shown in 
Fie. 3. These data may be interpreted to 
mean that the ethionine is interfering with the 
utilisation of both the cvsfine and the 
methionine. 

Ethionine is known to block the conversion 
of melhionine to cystine as well as the incor- 
poration of methionine into protein(]4 15). 
The latter effect results in a decreased rate 
of protein synthesis. In Group If fmeth 
loninc supplement), the low healtnj index 
may 1* considered to be due to the lack oi 
cystine resulting from the interference with 
methionine conversion. However, in spite of 
the relatively large amounts of cystine avail- 
able lo the animal-- in Group 111. a lev 
hading index was still ob-erved. In this case. 
it seems probable that the ethionine interfered 
with the utilization of methionine for purposes 
other than c>'.«tine formation, so that the cys- 
tine requirement was ru> longtr the limiting 
factor in she healing process. It must then be 
concluded that methkMune is also required for 
wound healicg. It is not unlikely that the 
methionine requirement during wound healing 
is needed primarily for protein synthesis, 
whereas, the cystine required may be used, to 
some extent, for reactions other than protein 
synthesis. 

In the experiment where the diet fed to the 
wounded rats contained no protein, the meth- 
ionine required for healing by the control 
animals and by thosr receiving the cysiioe 
supplement must have originated in the tissue 
protein. It would then 1* reasonable to tbink 
that   the   methionine   requirement   must   1K> 

TABLE XI.   Effect of Kxix-rimenta!' Wound* ou Nitrogen UIKI Sulfur bal.-ui.'.*. 
Kxr«. M. 

, ~—Xitrogvi:  
''ri'up       Avgilnilj       \vg il.iily re-      Xvg daily       Avf dait» re-     Avg "exeeaa     BeaUnij 

No.        intake, mg       trntioa, mg       uiuike, mg       teatio ~ sulfur, "mg        itufex 

I 
II 
III 

3.1 
3.1 
3.1 

-40.1 
-35.B 
-35.0 

-2.00 
1 
1.04 

.<i" 

1.3.1 

-'4 
:'A 
30 
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FIG. 3. Tensile strength nf healing «oumU in nits 
on a 6% rusriii dirt plotted n^aJimt time <>rv« A 
(Group li, alumni- Mippk'inent. healin<J xrnlei (K) 
-_ 31: Ouxvc H (Group ll>. rlliionliio tiTI• I methio- 
ninr nuppli-iiicnt, h~.\.-'i\\ L'urvi- (* (Group III), 
••thionim- anil (•>;•(inr- *iippli-ni<-nt. h' !>'. Meniti 
canrr botwfen iti"ui v.ilu'* i f teiixil" (divng'ti fur 

Urou|w  J  ami   II »« "p" _-  "1. 

relatively small as compared to the cystine 
requirement. 

Summary. The effect of methionine and 
cystine on the healing index of standard ex- 
perimental wounds in rats was determined. 
Since brtth amino acids have the same effect, 
per equivalent of sulfur, it is concluded that 
methionine is converted to cystine before be- 
ing used in the healing process. When the 
utilization of methionine is blocked by eth- 
ionine, cystine is ineffective, indicating that 

some methionine, per se, is required for the 
healing of wounds. There appears to be a 
correlation between the healing index and the 
retention of amino acid sulfur in excess of 
that expected on thi= basis o> nitrogen 
retention. 
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1064. Influence of experimental wound* on 
metabolism of sulfur. MARTIN B. WILLIAM- 

SON   AND   lik.RSr.BT   J.   FROMM.   Dept.  of Bio- 
chemittry,   Sd\ool   of   Medic, nt,   Loyola   Cnii., 
Chicago, Hi. 
It has been shown that sulfur metabolism in 

wounded animals is altered from th<> normal. 
This problem was studied by investigating the 
nitrogen and sulfur balances in wounded and in 
normal rat* (200 ± 20 gm) fed a 0% protein diet, 
supplemented with either eystine or metliionino. 
At intervale after wounding, a number of the rats 
were sacrificed, ia order to determine the Bulfur 
amiiio acid coolant of the regenerating wound 
tissue, as well *a varioiut other tissues. It was 
found that the wounded animals excreted slightly 
more sulfur, bkit appreciably more nitrogen, than 
the uuwouiided rats. The satiate ion excretion in 
the wounded rate was much greater than that 
observed 10 the normal animals. This was counter- 
balanced by a lower output of non-eulfate sulfur. 
These results may be taken to indicate an altera- 
tion in the path of sulfur metabolism. The tissue 
analyses showed that there was a gradual accretion 
of both eystine and tnetbionio* in the regenerating 
wound tissue. However, the rats of accretion of 
eystine was very much greats* than that observed 
for the methionine, end appeared to be propor- 
tional to the rate of healing. This was observed in 
all the wounded animals, regardless of the diet fed. 
The eystine content of the other tissues remained 
essentially unchanged throughout the experiment. 
There was a marked decrease in the methionine 
content of the liver, while that of the other tissues 
remained constant or decreased only slightly, 
suggesting that the fiver ia one of the primary 
sources of methionine and eystine for the regen- 
erating wound tissue. 

v 
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Inhibition of Urea P.nmation by Pentobarbital ' 

VVInfr; investigating proU-m metVooSiani during the healing of experimental wound*, 
it w;ui observed tin,( H marked decrtuu-e in unw nitrogen and a aimult!Ui"OU* increase 
in umino :»**«• I nitrogen in the liiinc appeared within a short time after the wounda 
were made At tirrt. tin* reaction «iu attributed to thr effect of the wound on protein 
metabolism. HiWpvi r. furHi-'r p'udy revealed that this effect could bo produced by 

TABLE I 

/•."Jfert r>/ f'ftilnl.ffhital on the Eirreiion of I'rca and Ai.xino A'id .V 

No. 

Avanxt pnoi to 
pentnb«rhiU'              , 

After ponu.Loil•itiil, 
12 M hr 

ml* 

1 

1 'lot 

I'rca N    | Amii.ti 
1 rm N 

1 

A mi no 
acid N 

1 no. nip             [ mc 1          me. 

24     | , Casein, 20% ,      '12 s.o     ; '.'7 |       3U.S 
24 Casein, r.% !       74     i ;.r>     i :« 1       18.5 
24 ! <'ns**-iu, <S%: gelatin, 12 % 140     | 47      j lit) ai.2 
24 Casein, 6%; gelatin. 

niethionine, 0.04% 
12 % i     102    ! a. 6      j 

i 
82 2-< 5 

! 

l-\ Stock diet I      '20 2,r).fi 8* j      o$.9 

the administration of 15 mg./kg body wt. of pentobarbilnl, which had boon used s« 
the HneJthetie. Tbi* effect on the urea and amino arid* excreted in the urine was 
obtained in all anirnala, regardless of the level or quality of the protein intake, and 
whether they had l>een woundijd or not. In all cases, the urinary level uf the urea and 
amino acid niti'igen returned to normal within ."> day* after the administration of the 
pentnbarbital. 

The data shown in Table I were obtained from mature feanale rata (160-190 K ) 
which had been kept on the indicated diet* for at leaat 4 days prior to the oollcction 

».f 'he unne rtampk** for analyst*. The unne wa« oollectod for 21-hr pv-riod* atid kept 
under toluene at S'C. unul the analyse* were made. The urea content of the urine 
wa» determin«*J by a ureuae ruectic;-J (I), while the amiuo acid nitrogen was estimated 
by a modified formol titratinu (2). 

The effort of the pentobarhi'al appears to be an inhibition of urea formation with a 
consequent increase in amino acid excretion. This effect may lw due tx> an interference 
with one or more >>f the en/yme* which deaminate amino acids, oi wbieh are involved 
in the conversion of th>-«e uroin i group* to urea in the liver. Experiment* to study the 
offers •.! pentcib.irbitai on tiic enzyme *> stem* which are concerned with u.Ta forma- 
tion are contemplated. 

HiKKRKNCES 

1. VAN iSi.YKK. I). I)., AND Cixi.fcN, li. VI, J. Hiol. ('hem. 24, 117 (1U16). 
2   NORTHROP, .1. H., J. Gen. Physiol. 9. 767 (1!>2G>. 

hepartment of Biochemirtnj, MARTIN B. WIUJAMKOK 

TL' Graduate School and Stritrh School of Medicine, THOMAS II. MCCARTHY 

lj>riola rniversity, Chicago, Illinois HBRBERT J   FROM* 

Received March &), 1951 

' Tbit investigation waa carried out under a contract with the Office of Naval 
Itwarrn 



Vol. II. No I. olanh. I*t 

1065. Influence of growth hsfMUDC on healing 
<•! oiptrinitc.it! »»undi. MARTIN B Wit.- 
LtAMOON AND Otojois J. NBUMANN. Dept. of 
Sivc&emulry, School of Htdicin*, lioynla Univ., 
Chicago, HI- 
Shire the pituitary growth hormone has licen 

showr. to cs'.iso mil increased retention of n'trogen, 
its effect on the healing index (rate of healing an 
measured by change in tensile strength of stand- 
ard wounds with time; was studied. Female rats 
(200 ± 20 gml were fed a 6% casein diet i wk 
prior to wounding and thereafter to the end of the 
experiment. The wounding procedure has been 
previously described (Proe. Soc. Ezpe.r. Biol A 
Mod., 80: 023, 1962). At about weekly intervals, 
H of the rats were sacrificed and the tensile 
strength of the wound determined. A significantly 
lower hf.aling index was obtained whan 1.0 sag/day 
r>f growth hormone was administered, than was 
f und for the wounds in the control animals, 
which had been injected with isotooic saline. 
However, during the course of the experiment 
(20 days), the control rats lost 16 gm in weight, 
while those treated with growth hormone lost only 
6 gm When identical experiments were carried 
out using only 0.3 mg growth hormone/day, the 
healing index of the control animals wu now lower 
than that of the growth hormone-treated rata In 
this case, the control rats lost i« gru in weight, 
while the hormone-treated rata lost 9 gm. These 
results would seem to indicate that large amounts 
of growth hormone mobilise protein metabolites 
primarily for use by the body tissue to the detri- 
ment of t he heating wound tissue; smaller smounts 
of growih hormone permit greater diversion to the 
regenerating wound tissue 

\ 



THE INCORPORATION OF SULFUR AMINO ACIDS INTO 

THE PROTEINS OF REGEN ERATINO WOUND TISSUE* 

Hartin B. Williamson and Herbert J. Fronm 

Department of Biochemistry, School of Uedicine 

and Graduate School, Loyola University, Chicago. 

Not only the administration of methionine, but that of equivalent amounts of 

cystine as well, has been shown to increase the rate of regeneration of wound tis- 

sue (1-6). Since the conversion of oystine to methionine does not occur to any ap- 

preciable extent in rats (7,8), it was considered that the deposition of protein in 

regenerating wound tissue is limited by the amount of cystine available for this 

process. Although regenerating wound tissue contains a relatively high concentra- 

tion of cystine and methionine, as compared to nornal unwounded tissue, the nitro- 

gen content of both types of tissue are essentially the same (6, 9). These analy- 

ses indicate a fundamental difference between the proteins of wound tissue and the 

normal tissue which it is replacing. The incorporation of the sulfur ami.no acids 

in regenerating wound tissue, as well as the source of these amino acids will be 

considered in this report. 

EXPERIMENTAL 

In all of the experiments to be reported, female albino rats weighing 200 - go 

grams were used. The animals were maintained on a basal diet for five cays prior 

to wounding. This basal diet consisted of 83 g. sucrose, 10 g. 3ard, 2 g. corn 

oil, j> g« salt mixture (Ll), 1 mg. thiamine HC1, 1 ng. riboflavin, 1 mg. pyridoxine 

HC1, U mg, calcium pantothenate, f> rag. inositol, $ mg. p-anino benzoic acid, 1$ mg. 

nicotinic acid amide, 2£ mg. choline chloride, 0.£ ng. 2-methyl naphthoquinone, 

l£0Q IU vitamin A**and 210 IU vitamin D*t The animals were offered 8 g. of diet 

per day, which was completely consumed before the next daily feeding, so that the 

* This work was done under contract with the U. S. Navy, Office of Naval Research. 

From oletim perconorphum. 
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dietary intake of all the animals in each experiment was isocaloric. Distilled wa- 

ter was permitted ad libitum* After the acclimation period of fire days, the basal 

diet was altered as will be indicated later. 

On the sixth day, after the removal of the hair on the back of the neck and 

shoulders, the outline of a coin (k  cm« in diameter) was made with ink and the tis- 

sue excised down to the fascia, according to the procedure described by Paul, et 

al. (9). At intervals after wounding, the rats were killed and samples of regen- 

erating wound tissue, normal skin tissue, muscle and liver were obtained. Special 

care was taken to insure that no normal tissue or hair was included with the samples 

of "wound tissue. 

The tissues collected were weighed wet and hydrolyzed immediately in 20$ HC1 - 

$0% HCOOH for 2\\ hours, so that minimal destruction of the sulfur containing amino 

acids resulted (10). Aliquots of the hydrolysate were then analyzed for nitrogen 

(microkjeldahl), cystine 4 cysteine (referred to as cystine) (12) and methionine 

(13)• In the experiment in which tracer doecs of 3^5 labeled DL-cystLne were ad- 

ministered, the total S-^ activity was determined after oxidation of an aliquot of 

the hydrolysate with a mixture of HNC. and HC10 (lb). The resulting sulfate was 
3       h 

precipitated as the barium salt and ooasured at "infinite thickness". The activity 

was measured using a Tracerlab Autoscalar and Geiger^iuller Tube having a window 

thickness of l,k mg per cm^. The total S^ activity in theso samples were assumed 

to be derived from cystine-S35. 

When tracer dose3 of DL-methionine, labeled with S-, were given, it was as- 

sumed that some part of the methionine had been converted to cystine before depo- 

sition in the tissue proteins. The cystine was separated from the methionine in 

each sample by precipitation as the cuprous nercaptide (l5)« The S35 activity in 

these fractions was then determined as described above. 

Exhaustive trituration and extraction of the regenen ting wound tissue and v-he 

tissue removed to form the wound, with 0.1 N HC1, 0.1 N NaOH or dilute salt solu- 

tions gave rise to no sulfur containing compounds which were not precipitable with 



~3- 

tricbloroacetic acid. It was then concluded that the sulfur amino acids in these 

tissues are bound in proteins and do not occur in the free form. 

RESULTS AND DISCUSSION 
i 
I The first experiment was undertaken to determine the equilibrium level of the 
i 

sulfur amino acids in the regenerated wound tissues. A comparison was made with 

nornal unwounded skin tissue. In Fig. 1 is shown the methionine, cystine and ni- 

trogen content of wound tissue from rats fed the basal diet, altered to contain 6% 

casein. At about the 23rd day after wounding, the methionine and cystine content 

of the regenerating tissue reaches a maximum and then levels off. These levels of 

methionine and cystine are appreciably higher than is found in the normal, skin tis- 

sue. Thus, in the wound tissue, at the naxinal level, the methionine content was 

about 6.3 mg. and the cystine content about 8.2 mg. per gram of wet tissue. In the 

normal tissue, there was found U.6 mg. and 3»0 mg, per gram of wet tissue*, for methi- 

onine and cystine, respectively. By the 20th day after wounding^ the nitrogen con- 

tent of the wound tissue was at its highest level (37.2 - 1.8 mg. per g.) as com** 

pared to the nitrogen contact of normal tissue (i+0.0 - 2.1 ng. per g»). The re 

Suits <£  Una analyses for nitrogen are in essential agreement with those reported 
previously (9)« 

It is obvious that the newly synthesized proteins in the wound tissue are quite 

different from those which are being replaced. Further, at least two distinct types 

of protein are being synthesized in the wound tissue which are distinguishable by 

their amino acid content. During the early stages, the main type of protein being 

synthesized contains a larger proportion of methionine than cystine. Later on, 

proteins containing a higher percentage of cystine than nethionino are produced in 

'     the wound tissue. 

Upon reaching the OBXiraal level, the sulfur amino acid content of the wound •' 

tissue appears to remain constant. Even 31 days after wounding, there Is no indi- 

cation that the level of these amino acids will fall to that found in the normal 

skin tissue. It should be pointed out that, after 31 days, the difficulty of vi- 

(, sually distinguishing the regenerated from the normal unwounded tissue is so great 

I 



that it Is not feasible to carry the experiment "further. The possibility exists, 

of course, that at a later time, the sulfur amino acid content of the -wound tissue 

nay be altered. 

The differences in the metabolism of the sulfur amino acids in •wounded and nor- 

mal animals were studied with the use of 5-" labeled DL-cystLne and DL*-rnethionine. 

The use of these compounds permits an insight into the alterations in protein me- 

tabolism, protein turnover and mobilization caused by injury* 

Two groups of 30 rats were fed the basal diet supplemented with 1 g. of cystine 

per kilo of diet. The rats in one group were wounded with the standard wound, and 

at intervals of 7, 11 and lii days after wounding, 1/3 of the animals in each group 

were killed and the tissue analyzed. Five days after wounding, each rat was in- 

jected intraperitoneally with a tracer dose of DL-cystine-S-'^ (1.01 x 10° counts 
i 

per minute). In Table I is shown the data on the methionine, cystine and nitrogen 

content of wound, skin, muscle and liver tissue from the wounded and normal rats. 

The results of the analyses for regenerating wound tissue, in this table, fol- 

low the pattern plotted in Fig. 1, Although the cystine content of the skin, muscle 

and liver tissue remains essentially constant, there is a marked and significant 

decrease in the liver methionine of the wounded rats as compared with that found in 

the livers of the normal control rats. Undoubtedly there is a loss of cystine from 

the livers of the wounded rats, as is indicated by the results obtained in the fol- 

lowing part of the experiment. However, the loss of cystine from the liver is ev- 

identaly balanced by replacement with cystine from other sources, such as synthesis 
• 

from methionine or from the diet, giving a net level of cystine which appears to re- 

main unchanged. Similar effects were observed in wounded rats fed a p.tX)tein free 

diet supplemented with DL-methionine. These results nay be taken to moan that me- 

thionine from the liver is one of the principal tissue sources for the sulfur amino 

acids of regenerating wound tissue. 

In Table II is shown the activity of the cystine-S-" in the tissues studied. 

i There appears to be a rapid uptak and loss of the label by the regenerating wound 



tissue* Between the 7th and Ibth day after wounding, there is a 70* decrease in the 

specific activity of the wound tissue samples. This effect may be due either to 

the fact that thejs i» a rapid accretion of wound protein and wound cystine during 

this time (as shewn in Fig. 1 and Table I), or to protein turnover 5JI the wound tis- 

sue, or both. It seems likely that the accretion of cystine in the wound protein 

has the greatest influence in causing this decrease in specific activity. 

There appears to be a narked loss of S^? activity in the other tiss^ JS as well. 

Sinco the level of cystine in these tissues remains almost constant, this decrease 

in activity must be attributed to protein turnover and label dilution by the dietary 

cystine. The differences in the loss of S^ activity between the liver tissue of 

the normal and wounded rats arc statististically significant. It would then follow 

that wounding has the effc-ct of stimulating sulfur metabolism. 

Another experiment was run on two similar groups of rats which were maintained 

on the basal diet over the utiole experimental period. These animals were given 5.90 

x lCr counts per minute of DL-methionine-S^^, intraperitoneally. The other details 

of the experimental procedure were generally the same as in the previously described 

experiment, except that the DL-methionine-3-*? was given four days after wounding 

and the animals were sacrificed on the 5th, 9th and 13th days after the wound was 

made. The results of the analysis of the tissues wore found to be very similar to 

those recorded in Table I. The activity of the various tissues was also determined 

after fractionation of the S^' into methionine and cystine fractions. The S^  ac- 

tivity of both fractions from the samples of skin and muscle tissue in the wounded 

and normal rats showed parallel rates of decrease. 

In Table III is presented the data on the activity of the fractions of S-^ 

from liver and regenerating wound tissue. It is to be expected that initially the 

methionine activity should be higher than that associated with the cystine fraction 

in all the tisssues, since methionine-S^-? was administered. There appears to be a 

marked and relatively rapid loss of activity in the methionine fraction of the 

wound tissue.  On the other hand, the cystine-S^v activity of the wound tissue 
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remained almost constant throughout the experimental period, although the specific 

activity was decreasing. This may be explained by the fact that the cystine-S*-> 

I 
which is lost from the wound protein, due to protein turnover, is being approxi- 

mate."^ replaced by labeled cystine formed from the label in the methionine released 

by ether tissues. This acquisition of S^5 in the form of cystine could hardly be 

expected to keep up with the deposition of non-labeled cystine in the wound protein, 

resulting in a constantly decreasing spe cific activity. 

The uptake of methionine-S^? and its loss by the livers of the wounded rats in 

this experiment was significantly greater than that which was taken up and lost by 

the livers of the normal animals. This further supports the contention that there 

is an increased rate of sulfur metabolism in wounded rats as compared to that found 

in the normal rats. This increased sulfur metabolism in the wounded animals would 

probably result in a greater loss and a greater redeposition of cystine-S^? ±n the 
• 

liver than might be expected to be found in the livers of normal rats. The summa- 
• 

tion of these effects would be expected to give the appearance of a similar rate 

of loss of cystine-S-^ activity in the livers of both proups of animals 

SUMMARY 

During the early stage of wound tissue regeneration in rats, the methionine 

content of wound proteins is greater than the cystine content. Later the content 
i 

of cystine becomes very much higher than that of methionine. This has been talen 

to mean that two different types of proteins are synthesized by the regenerating 

wound tissue. By the use of s35 labeled methionine and cystine, it was shown that 

sulfur metabolism is stimulated during wound tissue regeneration and that the liver 

methionine supplies a large part of the cystine required by the regenerating wound 

tissue. 
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M STHIONINE, CYSTINE AND NITROGEN CONTENT OF 

TISSUES IN WOUNDED A!© NORMAL RAT 3 

Days 
After 
Wounding Met 

Mg/g 

WOUNDED 

Cys 

mg/g 

N 

mg/g 

Met 

mg/g 

NORMAL 

Cys 
mg/% 

N 
mg/g 

Wound Tissue 

7 3.8*0.5 2.8*0.3 19.o£o.9 

11 I* .1*0.3 5.it).h 23.1*1.3 

Hi 5.5*0.3 7.3*0.2 28.2*1 .h 

Skin 

7 il.3*0.2 2.9*0.1 141.7-1.9 U.7*0.ii 3.0*0.3 Ul.2*l.l 

11 3.9*0.2 2.7*0.1* 1*1.3*1.2 1.6*0.1* 2.7*0.3 1*1.3*1.11 

lh 1.3^0.2 2.8*0,2 1(1.9*1.1 U.Uto.i, 2.9*0.3 1*0.9*2.6 

Muscle 

7 6.9^.5 3»7^0«2 36.1*1.3 7.3*0.7 3.9*0.3 373**1.7 

11 6,6*0,3 3.7*0 «,3 36.1j*1.0 6.6*0.5 3.9*0.5 35.7*1.1* 

Hi 6.3*0.5 3.7*0.1 35,3*1.5 6,5*0.5 3.8tb.U 37.6*1.2 

Liver 

7 6.5^0,6 lu8*0.3 33.7*1.0 6.5*0.1* 14.5*0.1* 33.6*0.8 

11 5.1*0.11 l*.lj*0.3 32.8*1.0 6.5*0,6 U.7*0.2 33.6*1,1 

Hi &.6*0.2 lu 5*0.3 28.8ti,3 6.1*0.5 l*.7*0.fc 32.7*1.6 

All values are in terms of mg. per gram of "net tissue. 

Each value represents replicate determinations from the tissue of 10 animals. 



TABLE II 

S^ ACTIVITY OF TISSUES IN WOUNDED AND 

NORMAL RATS AFTER THE ADJIIHISTRA TION 

OF CYSTINE-S3S 

Days 
After 
Wounding 

Wound 3kin Muscle Liver 

r 
9x1$ * 125 3715 - 135 i5Uo * 75 7650 2 135 

11 2*560 t 80 2060 * 95 1510 * loo U695 * 130 

Hi h35o t 80 1775 * 85 11*70 * 85 310*5 *75 

7 2970 «» 125 1970 - 90 7805 « 115 

11 2585 t 100 1715 t 6$ 5965 - 120 

Hi 17U0 t 110 151*5 - 50 1*315 - 11*0 

Calculated in counts/minute/gram of wet tissue and corrected for decay.. 

Each value represents duplicate determinations of the tissue of 10 rats. 

/ 



TABLE III 

DISTRIBUTION AND SPECIFIC ACTIVITY OF METHICNINE-63^ 

AND CYSTINE~s35 pj 1T0UNDED AND NORMAL RATS 

AFTER DL-METHIONINE-S3^ ADMINISTRATION 

Days WOUND TISSUE LIVER 
j        After "Z ~*~ 

Wounding   Activity"     Sp. Act.**       Activity* Sp. Act,** 
i 

35 Me+hionine-S 

mg» Cystine or Methionine S/Gm Tissue 

5 3630 £ 110 5.30 5350 - 200 3.15 

1          9 2ir20 * 85 2.82 Ii3h0 i 175 2.83 

13 1375 * 60 1.35 31*70 * 110 2.62 

5 • U750 t 90 2.82 

9 U350 * 90 2.72 

•         13 

391*0 4 85 2.57 

i 

Cystine-S35 

]         5 2630 t 95 U.io 5000 t 210 U.U6 

9 21*30 ± 110 2.UO 311*0 1160 2.76 

13 21*80 *: 75 1.83 2980 £ 190 2.61 ; 

|          * 5020 £ 175 luUo 

9 3060 t 150 2.85 

13 3010 ^ 110 2.81* 

* 
Calculated in counts/minute/gram of wet tissue and corrected for decay. 

**Sp. Act* -     Counts/Minute/Grara Tissue 
-3 

x 10 P •• 
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N«. t 

»tg. 1, The concentration of cystir.© * cyst*in*, rjitrog%>ri 

and roethionlne in regenerating wound tissue plotted 

Against tl»e after wounding^  Methlonine and cystlne + 

eyetelne are plotted on the bse's of mg. per gram of wet 

tissue.  Nitrogen values are In terms of mg. x 10"' per 

greM of wet tissue*  Solid circles =» cystlne • cystelne; 

opea circle* • methlonlne; half-solid circles « nitrogen. 
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I. '. EXCRETION OF SULFUR DURING THE HEALING 

OF EXPERIMENTAL WOUNDS* 

Martin B. Willr-awson and Herbert J. Fromm** 

Department of Biochemistry, School of Medicine and 

Graduate School, Loyola University, Chicago 

The sulfur amino acids, methionine and cystine, appear to be unique in their 

ability to accelerate the rate of healing of experimental wounds to the same ex- 

tent, when present in the diet in equivalent amounts (1,2,3). Earlier experi- 

ments have shown that the healing of wounds is dependant on the availability of 

the sulfur amino acids, rather than on the total protein nitrogen available in 

the diet (li,5). Since there is essentially no conversion of cystine to methio- 

nine in the organism, it may be considered Lhat cystine is the limiting amino 

acid in the healing process. The role of methionine in the healing of wounds 

oannot be discounted, however. The methionine of the tissues has been shown to 

have at least two important functions in the regeneration of tissue in wounds 

(6)} it is the primary source of cystine required for the synthesis of wound pro- 

teins ;  it is required per se as an integral pr. rt of the wound protein. 

Since the availability of the sulfur atiino acids has such a marked effect on 

the replacement of protein in regenerating -round tissue, it might be expected 

that the normal equilibria of the reactions involving these amino acids would be 

disturbed after wounding* This situation should be reflected in an altered me- 

tabolism of sulfur during wound tissue regeneration. In this paper, the results 

of a comparison of the sulfur metabolism, na  indicated by sulfur excretion, in 

normal and vrounded rats will be described. 

*This work was done under contract with the U.S. Navy, Office of Naval Research. 

**Present address, Dept, of Biochemistry, School of Medicine, University of 
North Dakota, Grand Forks. 
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ESFERIMENTAL. In the following experiments, female albino rats weighing 

200 4 20 g were used. The animals were maintained on a basal protein-free diet 

for 5> days prior to wounding  The basal diet consisted of 83 g sucrose, 10 g 

lard, 2 g corn oil, and f> g salt mixture (7)» The basal diet also contained a 

vitamin supplement, whose constituents and proportions have been previously enum- 

erated (2). The animals were offered 8 g of diet per day, which was completely 

oonsumed before the next daily feeding period, so that the dietary intake of all 

the animals was isocaloric. Distilled water was permitted ad libitum* 

After 5 days, the hair on the back of the neck and shoulders was remar ed and 

an area of skin U  cm in diameter, was incised down to the fascia. The tissue was 

•then removed with the underlying fascia. Control rats were treated in a similar 

manner except that no wounds were made* The rats were housed in metabolism cages 

and urine samples collected every 21; hours after wounding. The samples of urine 

were stored under toluene in a tightly stoppered bottle at 5° C. until the anal- 

yses could be performed. The urine samples were analyzed for nitrogen (microk- 

jeldahl) and total sulfur (8,9). After hydrolysis of an aliquot of the urine for 

3C minutes in 6 N HG1 on a boiling water bath, the total sulfate was determined 

as the barium salt (6). 

35 In the experiment in which tracer doses of S^ labeled DL-methionine and 

DL-cystine were administered to the rats, the total S^5 activity of the urine, as 

well as the total sulfate activity, isolated as indicated above, was determined. 
•it 

Tiit. S-' activity was measured using a Tracerlab Autoscalar and a Geiger-Muller 

tube having a window thickness of l.U mg per cm • 

RESULTS AND DISCUSSION.    Studies on the excretion of nitrogen and sulfur 

were made in two groups of 30 rats kept on a basal protein-free diet.    The ani- 

mals in one group wero wounded, while the second group of animals served as con- 

trols.    The excretion of nitrogen during the first two weeks after wounding is 

shown in Fig. 1.    In accordance with the results of previously published experi- 
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merits (5*10,11), the wounded rats were found to oxcrete considerably more nlti.ro- 

j 
gen than the control rats. In Fig. 2 is plotted the total sulfur excretion a- 

:. gainst time after wounding. It can be seen that the wounded and control rats ex- 

creted ar>r>roximatelv the same amount of sulfur. The data in these two graphs are 
g 

indicative of the fact that there is an actual retention of sulfur by the wounded 

rats. It would be expected that the breakdown and metabolism of tissue protein 

should result in a relatively constant ratio of nitrogen and sulfur excretion- 

regardless of the amount of nitrogen excreted. However, in this experiment, the 

ratio of nitrogen to sulfur excreted by the wounded rats is greater than by the 

controls, indicating a relative net retention of sulfur by the wounded animals. 

Fig. 3 shows the excretion of sulfate by the wounded and normal rats. The 

wounded rats appear to excrete about U0$ more sulfate than do the normal control 

animals. Since sulfate is the end product of sulfur metabolism, this may be taker 

I to mean that the metabolism of the sulfur amino acids is increased in wounded 

i 

rats as compared to normal ones. 

The overall metabolic path of the sulfur in the sulfur-containing amino acids 

can be abbreviated into the following reactionst- 
i 

Methionine      \      Cystine       y     Sulfate (1) 

The importance of cystine during the regeneration of wound tissue led us to 

study the conversions in the above equation. This was done by following the 

excretion of SJZ?  after the administration of SJ^  labeltd methionine and cystine. 

The experiment was carried out on k  groups of 15 rats, maintained on the 

basal diet. Two groups of rats were wounded as indicated before. Four days 

after wounding, one group of wounded and one group of unwounded control rats 

were injected intraperitoneally with DL-methionine-S^' (5.90 x 10 counts per 

minute per rat). The other two groups received DL»cystine-S  (6.06 x 10- counts 

per minute per rat) at the same time. The total S3£ activity in the urine and 

the S-^ activity associated vith the sulfate in the urine was determined daily 

the reafter. 



As might foe expected from the results in the previous experiment, the total 

daily excretion of s35 was essentially the same for the wounded and control ani- 

mals. However, the level of S*5 excretion was higher in those rats receiving the 

labeled cystine as compared tu those receiving the lab«led methionine. This is 

probably due to the fact that  the methionine-S-'-' can be utilized either ag: such 

or as cystine-S^ for protein synthesis and turnover; on the other hand, cystine- 

Vi 
S is utilizable for incorporation into protein only in the unmetabolized state. 

Thus, there are two forms in which the S^ from the methionine-S-'-' oan be deposi- 

ted and retained in the tissues, while that from the cystine-S-^-' has only one. 
* 

This would be expected to result in a greater retention of injected methionine- 

S-'-' than cystine-S    , and a concommitant greater excretion of injected cystine- 

S^ than methionine«3^# 

The data for the excretion of sulfate-s35 in this experiment is shown in 1 

Taole I.    It can be seen that the wounded rats vhich received the methionine- 

S^ excreted more sulfate-s35 than did the controls.    This uiust mean that either 
I 

or both of the series of reactions reoresented in equation (l) are accelerated 

in the wounded rats. Data presented in joiother report (12) indicates that the 

rate of conversion of methionine to cystine is greater in wounded than in normal 

| rats. In the animals receiving the cystine-5•", it was again observed that the 

I *< 
wounded ones excreted more sulfate-S-,:> than did the controls. This can only be 

interpreted to mean that there is a higher rate of oxidation of cystine in the 

wounded rats during the regeneration of wound tissue. It may then be concluded 
t    » 
r- 

that during the process of regeneration of wound tissue, the metabolism of the 

sulfur amino acids is stimulated. 

SUMMARY. The effect of wounding on the metabolism of the sulfur amino 

acids was studied by following the excretion of sulfur in normal and wounded 

- rats. After wounding, there is a relative retention of sulfur, even though a 

I 

\ 



greater amount of nitrogen than normal is excreted.    Studies -flLth S^5 labeled 

cystine and methionine indicated that the netabolism of these amino acids is 

greater in wounded than in normal animals. 
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TABLE I 

Daya 
After 
Wounding 

EXCRETION OF LABELED SULFATE BY WOUNDED AND 

NORMAL RATS AFTER THE ADMINISTRATION OF 

DL-METHIOMNE-S^ AND DL-CYSTINE-S3-' 

METHIONINE* 

Normal Wovjided 

CYSTINE* 

Normal Wounded 

5300 5300 

5110 5600 

J46OO 71*50 

3900 U5oo 

2530 1*550 

2760 l*55o 

2630 1*1*30 

5 1*680 1*81*0 

6 291*0 1*1*90 

7 2710 1*100 

8 2290 2500 

9 1950 2750 

10 1880 2670 

11 1785 2230 

Counts per minute per 2J4 hour sample, corrected  for decay to the time of injac- 

tion and for difference in dose of the roethionine-S^ and cystine-S    •    The 

labeled amino acids were injected on the Ijth day after wounding. 

i 
•     * 
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Fig.   1.     To©  e*cretlor  of nitrogen  by  normal  and voundea 
rats  plotted   in mg.   r «, ••  day  against   days   after 

w  unding.     Solid  line   *   control   rata;   Broken  line  = 
vended  rats. 
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